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Chicken ovalbumin upstream promoter-transcription factor (COUP-TF) is an orphan nuclear receptor that represses
transcription of many genes. In adenovirus type 12 (Ad12) transformed cells, a high level of binding activity of COUP-TF to
the major histocompatibility complex (MHC) class I enhancer correlates with the down-regulation of class I transcription,
which, in turn, contributes to tumorigenesis. The mechanism by which COUP-TF represses transcription has yet to be
elucidated. Here we show that COUP-TF represses transcription through its association with histone deacetylase. This was
demonstrated using reciprocal binding assays that determined that the interaction between COUP-TF and histone deacety-
lase requires the COUP-TF C-terminal repression domain. Moreover, a histone deacetylase enzymatic activity was found to
be associated with COUP-TF in Ad12-transformed cells. Transfection experiments further revealed that exogenous histone
deacetylase facilitates transcriptional repression by COUP-TF. Also, supershift assays suggest that the transcriptional
corepressor N-CoR, which is known to associate with histone deacetylases, is a part of the COUP-TF complex bound to the
MHC class I enhancer R2 site. Finally, we provide evidence that inhibition of histone deacetylases relieves the repression of
MHC class I expression in Ad12-transformed cells. Taken together these results support the notion that deacetylation of
histones, mediated through COUP-TF, serves to down-regulate MHC class I transcription in Ad12-transformed cells. © 2000
Academic Press
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The major histocompatibility complex (MHC) class I
antigens are critical determinants of cell-mediated im-
mune surveillance, serving to present foreign antigens to
cytotoxic T lymphocytes (CTLs). Many viruses and can-
cer cells evade immune detection by CTLs by perturbing
expression of MHC class I antigens (reviewed in McFad-
den and Kane, 1994). Human adenovirus-transformed
cells provide a unique system for studying mechanisms
by which viruses and cancerous cells can interfere with
expression of class I antigens. Cells transformed by
adenovirus type 12 (Ad12) can form tumors in adult ro-
dents, which correlates with low surface levels of MHC
class I antigens on these cells. By contrast, MHC class I
antigen expression is not reduced in cells transformed
by nontumorigenic adenovirus type 5 (Ad5) (reviewed in
Ricciardi, 1995; Ricciardi, 1999). In tumorigenic Ad12-
transformed cells, reduced MHC class I expression is
mediated by viral E1A proteins (Bernards et al., 1983;
Vasavada et al., 1986) and is blocked at the level of
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319transcription (Ackrill and Blair, 1988; Friedman and Ric-
ciardi, 1988).
Mutational analysis of the class I promoter revealed
that in Ad12-transformed cells, the target for transcrip-
tional repression is the class I enhancer (Ge et al., 1992,
ralli et al., 1992). Binding activities at the two major sites
(R1 and R2) within the class I enhancer are altered in
Ad12- compared to Ad5-transformed cells (Ge et al.,
1992, Kralli et al., 1992). In tumorigenic Ad12-transformed
ells, transcription from the class I promoter is down-
egulated as a result of a high level of binding activity of
he repressor COUP-TF to the R2 site and a low level of
inding activity of the activator NF-kB to the R1 site
(Kushner et al., 1996; Liu et al., 1994). By contrast, in
ontumorigenic Ad5-transformed cells, low-level
OUP-TF and high-level NF-kB DNA binding activities to
he MHC class I enhancer correlate with significant sur-
ace expression of class I antigens (Kushner et al., 1996;
iu et al., 1994).
It is unclear how COUP-TF (chicken ovalbumin up-
tream promoter-transcription factor) contributes to the
educed class I transcription in tumorigenic Ad12-trans-
ormed cells. COUP-TF belongs to the large group of
rphan nuclear hormone receptors, whose ligands have
ot been identified. Among the orphan receptors, COUP-
Fs (referring to the highly related members COUP-TFI
nd COUP-TFII) are the most extensively studied (re-
0042-6822/00 $35.00
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320 SMIRNOV, HOU, AND RICCIARDIviewed in Tsai and Tsai, 1997). These transcription fac-
tors, which are highly conserved from Drosophila to
human, play important roles in development based on
the severe embryonic abnormalities observed in COUP-
TFI 2/2 and COUP-TFII 2/2 knockout mice (Pereira et
al., 1999; Perlman and Evans, 1997; Qiu et al., 1997; Tsai
and Tsai, 1997). In addition, expression of COUP-TFs may
be involved in certain neoplasias, such as endometrial
cancer (Kieback et al., 1996). COUP-TFs bind to imperfect
AGGTCA direct repeats, which are also recognized by
other nuclear hormone receptors, e.g., RAR, RXR, TR, and
HNF4 (reviewed in Pereira et al., 1995). Importantly,
COUP-TFs can repress the transcription of many genes
by binding to their promoters as homodimers [as in the
case of the R2 site (Liu et al., 1994)] or heterodimers with
other nuclear hormone receptors (reviewed in Pereira et
al., 1995; Qui et al., 1994). In Ad12-transformed cells
COUP-TFII, but not COUP-TFI, is responsible for in-
creased binding activity to the R2 site within the MHC
class I enhancer (D.S. and R.R., unpublished results).
The mechanism by which COUP-TFs repress tran-
scription has yet to be elucidated. It was discovered
recently that there is a connection between the activation
and repression of transcription by nuclear hormone re-
ceptors and the acetylation and deacetylation of his-
tones, respectively (reviewed in Hopkin, 1997; Kadonaga,
1998; Kuo and Allis, 1998; Pazin and Kadonaga, 1997;
Perlman and Evans, 1997; Wolffe, 1997; Wong et al., 1998;
Xu et al., 1999). One remarkable feature of nuclear hor-
mone receptors is their recently discovered ability to
exchange corepressor complexes with coactivator com-
plexes in the presence of a specific ligand. According to
the current model, coactivator complexes contain his-
tone acetylase activity, while, in contrast, corepressor
complexes contain histone deacetylase activity (re-
viewed in Chen and Li, 1998; Perlman and Evans, 1997;
Xu et al., 1999). For example, liganded receptors of reti-
noids RAR/RXR can interact with coactivator CBP/p300,
which has intrinsic histone acetylase activity (Chakra-
varti et al., 1996; Ogryzko et al., 1996). Conversely, unli-
ganded RXR/RAR associates with corepressors N-CoR
and SMRT (Ferreira et al., 1998; Heinzel et al., 1997; Li et
al., 1997; Minucci et al., 1997, Nagy et al., 1997). One of
the possible ways by which these corepressors repress
transcription is to recruit histone deacetylases, which, in
turn, promote a condensed and repressed chromatin
structure (reviewed in Chen and Li, 1998; Xu et al., 1999).
Since COUP-TF proteins can also bind corepressors N-
CoR and SMRT (Bailey et al., 1997; Shibata et al., 1997),
it is plausible that in Ad12-transformed cells orphan
nuclear receptor COUP-TF represses class I transcrip-
tion through its association with histone deacetylases.
In this study we demonstrate that in Ad12-transformed
cells, COUP-TF does complex with histone deacetylases
and that the C-terminal repression domain of COUP-TF is
important for this association. Furthermore, we show thathistone deacetylases play an important role in COUP-TF
mediated transcriptional repression. We also provide ev-
idence that the transcriptional corepressor N-CoR, which
is known to associate with histone deacetylases, is part
of the COUP-TF complex that binds to the MHC class I
enhancer in Ad12-transformed cells. Finally, we present
in vivo data that support the notion that histone deacety-
lases contribute to the transcriptional down-regulation of
MHC class I expression in Ad12-transformed cells.
RESULTS
COUP-TF interacts with histone deacetylase through
its C-terminal repression domain
We have previously shown that there is a significantly
higher level of COUP-TF binding activity to the R2 site
within the MHC class I enhancer in Ad12-transformed
cells, compared to Ad5-transformed cells (Liu et al.,
1994). This is revealed by mobility band shift and super-
shift assays using labeled R2 oligonucleotide with nu-
clear extracts from transformed cells (Fig. 1). In Ad12-
FIG. 1. There is a high level of COUP-TF binding activity to the R2 site
of the MHC class I enhancer in Ad12-transformed cells. A 32P-labeled
R2 oligonucleotide was incubated with nuclear extracts from Ad5- and
Ad12-transformed cells, respectively, without antibody (lanes 1 and 2)
or with anti-COUP-TF antibody (lanes 3 and 4). The position of the
band-shifted nuclear protein–DNA complex is indicated by BS, that of
the antibody-dependent supershift is indicated by SS, and that of the
free probe is indicated by F.transformed cells essentially all of the binding activity to
the R2 probe is dependent on COUP-TF, since this bind-
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321COUP-TF ASSOCIATES WITH HISTONE DEACETYLASEing activity can be completely supershifted by anti-
COUP-TF antiserum (Fig. 1, compare lanes 2 and 4). This
high level of COUP-TF binding activity correlates with
down-regulation of MHC class I transcription in Ad12-
transformed cells (Ge et al., 1992; Liu et al., 1994). Since
histone deacetylation is involved in transcriptional re-
pression by unliganded nuclear hormone receptors, we
inquired whether orphan nuclear receptor COUP-TF is
able to mediate repression through an association with
histone deacetylases.
To address this question, we first examined whether
histone deacetylases can associate with COUP-TF pro-
tein. For these experiments, we employed the well-char-
acterized human HDAC1, which has a homology of 99.4%
to its murine counterpart (Taunton et al., 1996; Yang et al.,
1997). In vitro translated [35S]methionine-labeled HDAC1
as incubated with either GST–COUP-TFII or GST–
OUP-TFIIDC4 fusion proteins. As shown in Fig. 2A
lanes 2 and 3), GST–COUP-TFII, but not GST alone,
ound labeled HDAC1. Significantly, GST–COUP-
FIIDC4, which lacks the repression domain (Achatz et
l., 1997; Ge et al., 1994; Leng et al., 1996), was greatly
reduced in its ability to interact with HDAC1 compared to
the full-length GST–COUP-TFII (compare lanes 3 and 4).
Next, we examined whether GST–COUP-TFII is able to
interact with endogenous HDAC1 present in nuclear ex-
tracts from Ad12-transformed cells. Nuclear proteins
bound to GST–COUP-TFII were separated by SDS–PAGE
and analyzed by Western blot with HDAC1 antiserum
FIG. 2. HDAC1 binds to COUP-TF and depends upon the presenc
[35S]methionine-labeled HDAC1 (IVT HDAC1) interacts with GST–COUP
FII, or GST–COUP-TFIIDC4 followed by autoradiography. IVT HDAC1 (la
xtracts (NE) associates with GST–COUP-TFII. Endogenous HDAC1 wa
FIIDC4 followed by Western blot with HDAC1 antisera. (C) Endogenou
ells was mixed with in vitro translated [35S]methionine-labeled HDAC1
2% of IVT HDAC1 input.(Taunton et al., 1996). As shown in Fig. 2B, a protein with
the characteristic mobility of HDAC1 (Taunton et al.,
g
r1996; Zhang et al., 1997) associated with GST–COUP-TFII
(lane 3), but not with GST alone (lane 2). GST–COUP-
TFIIDC4, which lacks the C-terminal repression domain,
was again significantly reduced in its ability to interact
with endogenous HDAC1 protein (lane 4).
We also examined whether endogenous COUP-TF pro-
tein present in Ad12-transformed cells is able to interact
with histone deacetylase HDAC1. In vitro translated
[35S]methionine-labeled HDAC1 was incubated with nu-
lear extracts from Ad12-transformed cells, followed by
mmunoprecipitation with COUP-TF antiserum. As shown
n Fig. 2C, COUP-TF antiserum coprecipitated HDAC1
lane 3), whereas preimmune serum failed to do so (lane
). Taken together, these results strongly indicate that
OUP-TF interacts with the histone deacetylase HDAC1
nd that the COUP-TF C-terminal repression domain is
equired for optimal binding to HDAC1.
To confirm the interaction between COUP-TF and
DAC1, we performed reciprocal binding experiments in
hich HDAC1, instead of COUP-TF, was used to isolate
he complex. A HDAC1–FLAG fusion protein was incu-
ated with labeled COUP-TFII protein and immobilized
n anti-FLAG M2 affinity gel. As shown in Fig. 3A, labeled
OUP-TFII was able to bind to HDAC1-FLAG (lane 3) but
ot to BAP-FLAG control protein (lane 2). Likewise, an
P-Western demonstrated that COUP-TF present in nu-
lear extracts from Ad12-transformed cells can be coim-
unoprecipitated by HDAC1–FLAG protein but not by
AP–FLAG control protein through anti-FLAG M2 affinity
e C-terminal repression domain of COUP-TF. (A) In vitro translated
T HDAC1 was analyzed in a pull-down assay using GST, GST–COUP-
2% of the input. (B) HDAC1 protein from Ad12-transformed cell nuclear
yzed in a pull-down assay using GST, GST–COUP-TFII, or GST–COUP-
P-TF interacts with IVT-HDAC1. Nuclear extract from Ad12-transformed
n followed by immunoprecipitation with COUP-TF antiserum. Lane 1 ise of th
-TFII. IV
ne 1) is
s anal
s COUel (Fig. 3B, compare lanes 2 and 3). Thus, these recip-
ocal binding assays establish that COUP-TF and HDAC1
w
e
f
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322 SMIRNOV, HOU, AND RICCIARDIare capable of forming an association, which can be
detected regardless of which protein is used to isolate
the complex. To address whether an interaction between
COUP-TF and HDAC1 can occur in the absence of other
cellular proteins, HDAC1–FLAG fusion protein was incu-
bated with recombinant GST–COUP-TFII and immobi-
lized on anti-FLAG M2 affinity gel. Proteins bound to
HDAC1–FLAG were separated by SDS–PAGE and ana-
lyzed by Western blot with COUP-TF antiserum. As
shown in Fig. 3C, COUP-TF was able to bind to HDAC1-
FLAG (lane 3) but not to BAP-FLAG control protein (lane
2). This suggests that COUP-TF and HDAC1 are capable
of forming a complex in the absence of other proteins,
such as N-CoR, which in vivo are likely to be associated
with HDAC–COUP-TF complex.
Histone deacetylase activity associates with COUP-TF
in Ad12-transformed cells
Consistent with the binding studies, cellular histone
deacetylase activity was found to associate with cellular
COUP-TF. COUP-TF-containing complexes from Ad12-
transformed cells were immunoprecipitated with
COUP-TF antiserum and mixed with labeled histones.
Histone deacetylase activity was determined by measur-
ing the release of [3H]acetic acid from labeled histones.
As seen in Fig. 4, histone deacetylase activity was found
to accompany immunoprecipitated COUP-TF. As ex-
pected, antibodies directed against N-CoR, a protein
known to complex with HDAC1 and with COUP-TF, were
also found to immunoprecipitate a deacetylase activity
(Alland et al., 1997; Chen and Li, 1998). Similarly, histone
deacetylase activity from Ad12-transformed cells was
also pulled down by GST–COUP-TFII and not by GST or
FIG. 3. COUP-TF can be coimmunoprecipitated by HDAC1. (A) In vitro
ith BAP-FLAG or HDAC1-FLAG, which were immunoprecipitated by a
xtracts (NE) from Ad12-transformed cells were mixed with HDAC1-FLA
ollowed by Western blot analysis with COUP-TF antiserum. Lane 1 is 5%
ith HDAC1-FLAG or BAP-FLAG and immunoprecipitated by anti-FLAG
ane 1 is 2% of GST–COUP-TFII input.GST–COUP-TFIIDC4 (data not shown). Taken together,
the binding experiments and the histone deacetylaseassay indicate that COUP-TF associates with histone
deacetylases in Ad12-transformed cells.
HDAC1 facilitates transcriptional repression mediated
by COUP-TF
It was important to demonstrate that the association
between histone deacetylase and COUP-TF facilitates
transcriptional repression by COUP-TF. However, it is
very difficult to study COUP-TF-mediated repression in
the context of the MHC class I promoter in Ad12-trans-
formed cells because, in addition to repression by a high
ted [35S]methionine-labeled COUP-TFII (IVT-COUP-TFII) was incubated
G M2 affinity gel. IVT COUP-TFII (lane 1) is 5% of the input. (B) Nuclear
P-FLAG, which were immunoprecipitated by anti-FLAG M2 affinity gel
lear extracts input. (C) Recombinant GST–COUP-TFII protein was mixed
ffinity gel followed by Western blot analysis with COUP-TF antiserum.
FIG. 4. COUP-TF associates with histone deacetylase activity in
Ad12-transformed cells. Histone deacetylase activity was measured by
[3H]acetate release from 3H-labeled histones, which were incubated
with protein complexes immunoprecipitated (IP) from Ad12-trans-transla
nti-FLA
G or BA
of nucformed cells by preimmune (PreIm), COUP-TF, or N-CoR antibodies. The
bar graph is representative of a typical experiment.
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323COUP-TF ASSOCIATES WITH HISTONE DEACETYLASElevel of COUP-TF binding activity, class I transcription is
also reduced due to lack of binding of the activator
NF-kB (Liu et al., 1994). For this reason, we employed
mouse L cells, which have served as a well-character-
ized model system with which to study COUP-TF-medi-
ated transcriptional repression (Bailey et al., 1997;
Cooney et al., 1993; Shibata et al., 1997). Mouse L cells
were cotransfected with a construct expressing the
GAL4 DNA binding domain (GAL4-DBD) fused to COUP-
TFI (aa 156–423) lacking its DNA binding domain and a
reporter plasmid (p(GAL4)5-TKCAT) containing only GAL4
inding sites. As expected, GAL4–COUP-TFI fusion pro-
ein, but not GAL4-DBD alone, was capable of repressing
xpression of the reporter gene (3-fold) (Fig. 5, lanes 1
nd 3), which is consistent with the results previously
bserved by others (Bailey et al., 1997; Cooney et al.,
1993; Shibata et al., 1997). Importantly, overexpression of
DAC1 in the presence of COUP-TFI caused a much
reater decrease (15-fold) in the expression level of the
eporter gene (compare lanes 3 and 4). By contrast,
DAC1 alone had no effect on GAL4-DBD (compare
anes 1 and 2), indicating that histone deacetylase re-
ression is mediated through its interaction with COUP-
FIG. 5. HDAC1 facilitates COUP-TF-mediated repression. The indi-
ated expression vectors (5 mg of each) were cotransfected into mouse
cells with 5 mg of p(GAL4)5TKCAT reporter construct. CAT activities
ere assayed 48 h after transfection. Data are presented as fold
epression relative to that of p(GAL4)5TKCAT, which is assigned the
value of 1. Each bar is the average of triplicate transfections and the
result is representative of four independent experiments.F. It is noteworthy that similar results were also ob-
ained for GAL4–COUP-TFII (data not shown). These re-ults clearly indicate that COUP-TFs can recruit HDAC1
o the promoter to facilitate transcriptional repression.
orepressor N-CoR composes part of the R2 DNA/
OUP-TF complex in Ad12-transformed cells
As indicated above (Fig. 1), in Ad12-transformed
ells COUP-TF binds strongly to the R2 site of the MHC
lass I enhancer. In the absence of hormone, unligan-
ed receptors are known to interact with a family of
ranscriptional corepressors, including N-CoR, which
argets histone deacetylases to promote a condensed
nd repressed chromatin structure (reviewed in Chen
nd Li, 1998). Orphan receptor COUP-TF has also been
ound to bind to the corepressor N-CoR (Bailey et al.,
997; Shibata et al., 1997). We examined in Ad12-
ransformed cells whether corepressor N-CoR can as-
ociate with the R2 DNA/COUP-TF complex. A super-
hift experiment using labeled R2 oligonucleotide,
d12 nuclear extracts, and N-CoR antisera was per-
ormed. As shown in Fig. 6 (lanes 4 through 6), anti-
era specific for the N- or C-termini of N-CoR were
ble to supershift the R2 complex (lane 1). Importantly,
FIG. 6. Corepressor N-CoR is present in the R2 DNA/COUP-TF
complex in Ad12-transformed cells. A 32P-labeled R2 oligonucleotide
was incubated with nuclear extracts from Ad12-transformed cells with
no antibody (lane 1), preimmune serum (PI) (lane 2), anti-COUP-TF
antibody (lane 3), and with anti-N-CoR antisera directed against either
the N-terminus (N-CoR N) (lanes 4 and 6) or the C-terminus (N-CoR C)
(lanes 5 and 6) of the N-CoR protein. The position of the band-shifted
nuclear protein/DNA complex is indicated by BS, that of the antibody-
dependent supershift is indicated by SS, and that of the free probe is
indicated by F.
ACS an
nce of
324 SMIRNOV, HOU, AND RICCIARDIall of the protein–DNA complexes supershifted by the
N-CoR antisera contain COUP-TF based on the fact
that the R2 complex could be completely supershifted
by COUP-TF antiserum (lane 3). These results indicate
that corepressor N-CoR forms part of the R2 DNA/
COUP-TF complex in Ad12-transformed cells. Our at-
tempts to supershift the R2 DNA/COUP-TF complex
with HDAC1 antiserum did not succeed. This difficulty
in detecting HDAC1 in the R2 complex was possibly
due to an inability of HDAC1 antiserum to recognize
this histone deacetylase in a protein–protein complex
in vivo. However, it should be noted that addition of an
excess of recombinant HDAC1 caused an apparent
supershift of the R2 complex (data not shown). Taken
together, these results suggest that corepressor
N-CoR and COUP-TF form a protein complex on the R2
site and that this protein/DNA complex likely includes
HDAC1.
Inhibition of histone deacetylase relieves repression
of MHC class I expression in Ad12-transformed cells
To address the potential role of deacetylases in re-
pression of MHC class I expression, we treated Ad12-
transformed cells with trichostatin A (TSA, a known in-
FIG. 7. TSA relieves MHC class I repression in Ad12-transformed cells
with 150 nM TSA for 12 h before being harvested and analyzed by F
intensity) were measured in the absence (background) or in the presehibitor of histone deacetylases) and examined the cell
surface levels of class I antigens by FACS analysis. Asshown in Fig. 7, treatment of Ad12-transformed cells with
TSA resulted in a distinct increase in cell surface expres-
sion of class I antigens (compare Figs. 7B and 7D). Our
results support the notion that histone deacetylases in-
deed play an important role in repression of class I
expression in Ad12-transformed cells and are likely de-
livered to the class I enhancer through COUP-TF. This
increase in class I expression by TSA is thought to
represent a transition from a repressed state to a “basal”
(nonactivated) state of transcription. Transition to an ac-
tivated state requires binding of NF-kB to the R1 site of
the class I enhancer, an event that is blocked in Ad12-
transformed cells (Kushner and Ricciardi, 1999). By con-
trast, Ad5-transformed cells, which exhibit high surface
levels of class I antigens (Fig. 7F), have high levels of
NF-kB binding activity and low levels of COUP-TF binding
activity. The very low level of COUP-TF binding activity in
Ad5-transformed cells is consistent with the fact that TSA
had virtually no effect on class I expression (compare
Figs. 7F and 7H). The agreement of this biological finding
with our demonstration of physical and functional asso-
ciation between COUP-TF, histone deacetylase, and
N-CoR in Ad12-transformed cells suggests that in these
tumorigenic cells transcriptional repression of MHC
ovirus-transformed cells (Ad12 or Ad5) were either untreated or treated
alysis. Cell surface levels of MHC class I expression (fluorescence
primary anti-class I RT1.A monoclonal antibodies (class I Ab).. Adenclass I by COUP-TF is likely to be mediated through
histone deacetylase.
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325COUP-TF ASSOCIATES WITH HISTONE DEACETYLASEDISCUSSION
In this study, reciprocal binding assays, histone
eacetylase and in vivo reporter assays, mobility band
hift assays, and FACS analyses were used to show that
n Ad12-transformed cells the orphan nuclear hormone
eceptor COUP-TF associates with histone deacetylase
hrough its C-terminal repression domain and that this
ssociation apparently plays an important role in the
own-regulation of MHC class I transcription. This also
emonstrates for the first time that COUP-TFs can re-
ress transcription through a mechanism similar to that
escribed for nuclear receptors RAR/RXR, which associ-
te with histone deacetylases in the absence of their
pecific ligands (Perlman and Evans, 1997). Similar to
hese unliganded nuclear hormone receptors, COUP-TFs
ogether with histone deacetylases are also likely to
eside in large multiprotein complexes, which include
orepressors such as N-CoR/SMRT, as shown in this
Fig. 5) and other studies (Bailey et al., 1997; Shibata et
al., 1997). Histone deacetylase through its association
with COUP-TF is likely to facilitate transcriptional repres-
sion through compaction of chromatin and/or modifica-
tion of nonhistone substrates involved in transcription
(Fig. 8). Such a mechanism does not exclude the possi-
bility that COUP-TF can also repress transcription
through the preinitiation complex since one of its major
components, the general transcription factor TFIIB, was
initially identified as a factor associated with COUP-TF
(Ing et al., 1992; Sagami et al., 1986) (Fig. 8).
In tumorigenic Ad12-transformed cells MHC class I
transcriptional down-regulation is largely due to lack of
binding of activator NF-kB to the R1 site of the class I
nhancer. The association of N-CoR/histone deacetylase
omplex with repressor COUP-TF bound to the R2 site of
he class I enhancer would contribute to shut-off of the
lass I promoter. Based on our comparative analysis of
he effect of TSA treatment on MHC class I expression in
FIG. 8. A model for the mechanism of COUP-TF mediated repression
2 site within the MHC class I enhancer and represses transcription
romotes condensed and repressed chromatin structure. It is also p
ranscription factors (e.g., TFIIB and TAFs).d5 and Ad12-transformed cells, it is appealing to con-
ider control of class I expression as an example of a
m
1three-step” model of transcriptional regulation (Burley
nd Roeder, 1998). In Ad12-transformed cells, the in-
rease in class I expression by TSA can be viewed as the
ransition from a “repressed state” to a “basal (nonacti-
ated) state” of transcription. Transition from a basal
tate to an “activated state” requires binding by NF-kB to
the R1 site of the class I enhancer, an event that is
blocked in Ad12-transformed cells (Kushner and Ric-
ciardi, 1999). It is thus reasonable to propose that en-
sured shut-off of MHC class I transcription in Ad12 tu-
morigenic cells, and escape from immunosurveillance, is
due to dual events: inability to activate via NF-kB and
hut-off of basal transcription by COUP-TF.
MATERIALS AND METHODS
ell lines, antibodies, and plasmids
Mouse L cells and COUP-TF polyclonal antiserum
ere previously described (Cooney et al., 1993; Liu et al.,
994). Rabbit HDAC1 antisera 1121, 1122, and 1123, pro-
uced against peptides corresponding to internal
pitopes of HDAC1, as well as the pTbHDAC1-FLAG
onstruct used for in vitro transcription–translation, were
indly provided by C. Hassig and Dr. S. Schreiber (Taun-
on et al., 1996). The GST–HDAC1-FLAG plasmid was
onstructed by inserting an EcoRI/NotI fragment from
TbHDAC1-FLAG in-frame into pGEX4T-1 (Pharmacia).
he GST–COUP-TFII plasmid was constructed by sub-
loning the mouse COUP-TFII coding region as a MslI/
hoI fragment in-frame into the pGEX-4T3 vector (Phar-
acia). The GST–COUP-TFIIDC4 plasmid, constructed by
eleting the BsmI/XhoI fragment from the GST–COUP-
FII plasmid, encodes amino acid residues 1–257 of
OUP-TFII protein fused to GST. pBS-COUP-TFII, used for
n vitro transcription–translation, was kindly provided by
r. M.-J. Tsai. All constructs used in transfection experi-
class I transcription in Ad12-transformed cells. COUP-TF binds to the
its association with N-CoR and histone deacetylase, an enzyme that
that COUP-TF represses transcription via its interaction with basalof MHC
through
ossibleents have been described previously (Cooney et al.,
993; Hassig et al., 1998). Anti-FLAG M2 affinity gel and
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326 SMIRNOV, HOU, AND RICCIARDIcontrol Escherichia coli BAP–FLAG fusion protein were
btained from Kodak.
uclear extract preparation
Nuclear extract was prepared as described previously
Liu et al., 1994). The protein concentration was deter-
ined by the Bradford (1976) assay (Bio-Rad).
n vitro transcription–translation
Coupled in vitro transcription–translation was per-
formed using a TNT kit (Promega) according to the man-
ufacturer’s instructions. Translation efficiency was ana-
lyzed by SDS–PAGE and a Storm PhosphorImager (Mo-
lecular Dynamics).
GST and FLAG pull-down assays and
coimmunoprecipitations
For pull-down assays, GST–COUP-TFII, GST–COUP-
TFIIDC4, and GST–HDAC1-FLAG fusion proteins were
overexpressed and purified from E. coli. Typically, 200–
500 ng of fusion protein was incubated for 30 min at
30°C with 200 mg of nuclear extract. For the pull-down
assays with in vitro translated proteins, 100 ng of fusion
rotein was used. Fifty microliters of 50% glutathione–
epharose beads (Sigma) or 30 ml of 50% anti-FLAG M2
ffinity gel were added to the reactions containing NTNZ
uffer [0.1 M NaCl, 20 mM Tris–HCl (pH 8.0), 10 mM
nCl2, 0.1% NP-40]. The reactions were incubated for 2 h
t 4°C, and extensively washed, first with NTNZ buffer
nd then with NTNZ buffer containing 0.3 M NaCl. Pull-
own complexes were either subjected to the histone
eacetylase assay or fractionated on an 8% SDS poly-
crylamide gel and analyzed by Western blot or autora-
iography. For immunoprecipitation assays, antisera and
rotein A beads were added to nuclear extracts and
ncubated for 2 h or more. Protein A beads were exten-
ively washed in 50 mM Tris–HCl (pH 8.8), 1% NP-40,
.25 M NaCl, and 2 mM EDTA. The immunopurified
omplexes were used in the histone deacetylase assay.
reparation of 3H-labeled histones from HeLa cells
Labeled histones were prepared by incubating HeLa
ells with [3H]acetic acid and extracted as described
previously (Carmen et al., 1996). The extracted histones
were lyophilized and prior to each experiment resus-
pended in HD buffer [20 mM Tris–HCl (pH 8.0), 150 mM
NaCl, and 10% glycerol] to a concentration of 3.5 mg/ml
(2000 dpm/mg).
istone deacetylase assay
Histone deacetylase activity was assayed essentially
s described (Taunton et al., 1996). 3H-labeled histones30,000 dpm) were incubated for 1 h at 37°C with immu-
oprecipitated complexes. In a typical experiment 200mg of nuclear extracts was used per immunoprecipita-
tion reaction.
Mobility band shift and supershift assays
Mobility band shift and supershift were performed as
described previously (Liu et al., 1994).
Cell transfections, CAT assays, and FACS analyses
Mouse L cells were transfected by the calcium phos-
phate coprecipitation method essentially as described
(Kralli et al., 1992). Transfected cells were harvested after
48 h and CAT assays were performed. Protein concen-
trations were measured to normalize the amount of cell
extract used in individual CAT assays. FACS analyses
were performed on a Becton Dickinson FACStarplus as
reviously described (Eager et al., 1985). Trichostain A
TSA) (BIOMOL) was added to the cells at a final con-
entration of 150 nM 12 h before harvesting. Anti-MHC
lass I monoclonal antibodies RT1.A were purchased
rom Cedarlane Laboratories.
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